This works presents a perturbative analysis of the supersymmetric Chern-Simons model in three spacetime dimensions coupled to a Higgs field, using the superfield formalism. We study the spontaneous symmetry breaking of the U (1) gauge symmetry and evaluate the first quantum corrections to the effective action in the broken phase. We show that the infinite renormalization of the gap equation is enough to ensure the renormalizability of the model at the first loop level.
four spacetime dimensions [16] is realized by a Chern-Simons field minimally coupled to a massless scalar field with a purely sextuple self-interaction. In this case, however, dynamical symmetry breaking appears only at two loops [17, 18, 19, 20] , and not at the one loop level, as in four dimensions.
In this work, we will investigate some perturbative properties of the N = 1 supersymmetric Chern-Simons-Higgs model in 2 + 1 dimensions. We use the superfield formalism, so that supersymmetry is manifestly preserved, and study the phase structure and the renormalizability of the model at the one-loop level.
Our starting point is the action of the supersymmetric Chern-Simons model coupled to a scalar superfield Φ,
where A α is the gauge superpotential, W α = (1/2)D β D α A β is the covariant field strength,
is the gauge supercovariant derivative, and D α = ∂ α + iθ β ∂ αβ is the usual supersymmetric covariant derivative (in this paper, we follow the conventions of [21] ). This action is invariant under the infinitesimal gauge transformations,
where K = K(x, θ) is a real scalar superfield playing the role of the gauge parameter.
For positive values of the parameter µ, the classical potential
has a non-trivial minimum specified by
With this in mind, we perform a shift v in the superfield Φ (Φ),
in order to write an action in terms of the real superfields Σ and Π which satisfy < Σ >=< Π >= 0.
The gauge transformation for Σ and Π are given by
Thus, the action in terms of the real superfields is given by
To eliminate the mixing between A α and Π that appears in Eq. (7), we use an R ξ gauge fixing depending on a gauge parameter α, which, together with the corresponding Faddeev-Popov determinant, is introduced through the action
where c,c are scalar ghost superfields. By adding Eqs. (7) and (8), we obtain
where
In the minimum of the classical potential, v 2 = µ/λ, and the mechanism of spontaneous breakdown of symmetry generates masses M Σ = 2µ and M A = e 2 µ/4λ for the superfields Σ and A α , respectively. The superfield Π also acquires mass, but only from the process of gauge fixing, since its mass turns out to depend on the gauge parameter α. Therefore, Π must be an unphysical field, which should not be observed in external legs of any scattering process [22] .
From Eq. (9), one readily obtains the propagators of the model,
In the process of renormalization, we need to redefine the superfields asΦ → Z
c c and A α → Z 2 A α , and also renormalize the couplings according to µ → (µ + δ µ ), e → (e + δ e ) and λ → (λ + δ λ ). After this, we can write explicitly the action of counterterms for this model,
We shall begin our analysis by looking at the phase structure of the model. To this end, we investigate the one point function, whose vanishing yields the gap equation. At tree level, the gap equation is given by
which admits two solutions, v = 0 and v 2 = µ/λ. The first is the trivial solution where the U (1) gauge symmetry is not broken. For the second solution, the symmetry U (1) is broken, yet for both of these solutions, supersymmetry is explicitly maintained. We focus our attention on the renormalizability of the phase where gauge symmetry is broken, in which the Chern-Simons field acquires a non-trivial dynamics, so we will set v 2 = µ/λ from now on.
Let us first look at the quantum corrections to the gap equation. Up to one loop order, five graphs contribute to it, those depicted in Fig. 1 . The resulting gap equation reads
We calculate the divergent integrals in Eq. (13) with the help of an ultraviolet (UV) regulator Λ, obtaining the following divergent part (note the cancellation of the α-dependent divergent parts)
Now we turn to the investigation of the divergence properties of the two-point vertex functions.
The diagrams contributing to the two-point function of the Σ superfield are drawn in Fig. 2 . We shall be mainly interested in the evaluation of divergent contributions, which can come from the the first four graphs in Fig. 2 . The contribution to S ΣΣ from the graph 2a is given by
where δ θθ means the limit of δ (2) (θ − θ ′ ) when θ ′ → θ after the application of the covariant derivatives. After standard D-algebra manipulations [23] , expression (16) results in
For the contributions from graphs 2b and 2c, one obtains
As for diagram 2d, we have
where the shorthand notations δ 12 = δ (2) (θ 1 − θ 2 ) and D α i = D α (θ i ) were used. The complete evaluation of Eq. (19) yields,
The momentum integral in Eqs. (17), (18) and (20) is again performed with an UV regulator Λ, resulting in the following correction to the effective action of Σ 2 ,
We verify that the divergence in S ΣΣ is completely eliminated by the δ 3 counterterm, already fixed by the gap equation (14) .
The conclusion is that the counterterm δ λ must be finite. From the absence of wave function renormalization, the counterterm δ 1 is also finite, so that from Eq. (15), only δ µ needs to be divergent.
The diagrams that contribute to the radiative corrections to the self-energy of the Π superfield are represented in Fig. 3 , and again only the first four graphs are ultraviolet divergent. Interestingly enough, the graphs 3a to 3d are identical to the corresponding ones in Fig. 2 , after interchanging Π ↔ Σ. Because of this, we can use our result in Eq. (21) to write directly
Again, all ultraviolet divergences in this correction are cancelled by the gap equation renormalization, so that the counterterm δ e is finite.
As for the effective action of the gauge superfield, four diagrams contribute to its quadratic part, which are those in Fig. 4 . The contribution of diagram 4a is given by
After some algebraic manipulation, this expression can be cast as
We witness here a general property of the Chern-Simons field coupled to matter, that is the generation, at the quantum level, of a non-local Maxwell term W α W α in the effective action of gauge superfield, which was not present in original action. As we will show below, the linear divergence in the last term in Eq. (25) will be cancelled when summing up the other graphs in Fig. 4 .
The contributions of diagram 4b,
and of the graphs 4c and 4d,
are added to Eq. (24), together with the contribution of the counterterms, to obtain,
where δ 6 = [(1 + δ 2 ) 2 (1 + δ 1 )(e + δ e ) 2 − e 2 ] = e 2 (δ 1 + 2δ 2 ) + 2δ e . We extract from Eq. (28) the divergent parts using a power expansion of the integrands around p = 0, and observe the total cancellation of the divergences in the two point function of the gauge superfield. As a consequence, the δ 2 counterterm must be finite.
Two more remarks remain to be made concerning two point functions. First, the quadratic part of the ghost effective action also gets a quantum correction, given by the graphs in Fig. 5 ,
but this correction is clearly finite, and so must be δ c . Finally, in the process of gauge fixing we eliminated at the classical level a mixture between A α and Π that appeared due to spontaneous breakdown of gauge symmetry. However, at the quantum level, this mixing can in principle reappear. That this is not the case can be deduced by calculating the graphs in Fig. 6 and verifying that their contributions vanish individually.
Before continuing with more complicated vertex functions, it is interesting to investigate the general structure of the divergences in the model. To establish its renormalizability at one loop, we have to calculate the superficial degree of divergence D of an arbitrary diagram F. For this, we will denote the number of the different vertices in the theory as V i , according to the following correspondence,
Let P Σ , P A , P Π and P c denote the number of propagators for each field in the model. Then, for an arbitrary diagram, the superficial degree of divergence D is given by 21] . By using the topological relations,
as well as the Euler identity L + V − P = 1, we find
where N D is the number of covariant derivatives D α acting on the external fields of the diagram.
We can now conclude that, at one loop, any diagram with more than four external legs is finite.
No diagram possesses linear divergence except the ones with one or two external legs, which have already been taken into account. Some diagrams with three and four external legs are superficially logarithmically divergent, and are shown in Figs. 7 and 8.
The diagrams 7(a-i) possess an expression proportional to
where G(p, θ 1 , θ 2 ) is the factor involving the external fields. Inspecting the consequences of the D-algebra manipulations on Eq. (34), we realise that the only nonvanishing contributions are those where one of the operators D 2 is moved to the external fields, and also terms proportional to M 1 or M 2 . Thus, by simple power counting, we can state that those diagrams are finite. Diagram 7(j) possess three internal propagators and have the following structure,
where G(p, θ 1 , θ 2 , θ 3 ) has the same meaning as above, and the (|D| 3 vertex ) factor represents schematically three supercovariant derivatives arising from the vertices. After D-algebra manipulations, expression (35) reduces to something proportional to
which vanishes due to the symmetrical integration in k. As for graph 7(k), its contribution has a similar structure, lacking one D in comparing with Eq. (36). Therefore, the three point functions of the model are finite.
As for the four-point vertex functions, depicted in Fig. 8 , they also have superficial degree of divergence D = 0, but also turn out to be finite. Indeed, diagrams with two internal propagators possess the same general structure of the graphs 7(a-i) discussed above. As for the graphs with four internal propagators, their divergent parts are proportional to
The finiteness of these contributions follows from arguments similar to the ones we discussed before.
In summary, in this work we investigated some perturbative aspects of the supersymmetric Chern-Simons field in the presence of spontaneous breaking of U (1) 
